Electronic properties of water clusters ͑H 2 O͒ n , with n = 2, 4, 8, 10, 15, 20 , and 30 molecules were investigated by sequential Monte Carlo/density-functional theory ͑DFT͒ calculations. DFT calculations were carried out over uncorrelated configurations generated by Monte Carlo simulations of liquid water with a reparametrized exchange-correlation functional that reproduces the experimental information on the electronic properties ͑first ionization energy and highest occupied molecular orbital-lowest unoccupied molecular orbital gap͒ of the water dimer. The dependence of electronic properties on the cluster size ͑n͒ shows that the density of states ͑DOS͒ of small water clusters ͑n Ͼ 10͒ exhibits the same basic features that are typical of larger aggregates, such as the mixing of the 3a 1 and 1b 1 valence bands. When long-ranged polarization effects are taken into account by the introduction of embedding charges, the DOS associated with 3a 1 orbitals is significantly enhanced. In agreement with valence-band photoelectron spectra of liquid water, the 1b 1 , 3a 1 , and 1b 2 electron binding energies in water aggregates are redshifted by ϳ1 eV relative to the isolated molecule. By extrapolating the results for larger clusters the threshold energy for photoelectron emission is 9.6± 0.15 eV ͑free clusters͒ and 10.58± 0.10 eV ͑embedded clusters͒. Our results for the electron affinity ͑V 0 = −0.17± 0.05 eV͒ and adiabatic band gap ͑E G,Ad = 6.83± 0.05 eV͒ of liquid water are in excellent agreement with recent information from theoretical and experimental works.
I. INTRODUCTION
Water is the most important liquid for life and chemical reactivity in liquid water is a fundamental process characterizing the behavior of many living organisms. Therefore, the structure, energetics, and electronic properties of liquid water were the subject of numerous investigations. [1] [2] [3] [4] [5] [6] [7] Some properties of liquid water are unique, fascinating, and worth referring: the structure of water is characterized by a complex hydrogen ͑H͒-bond network which leads to a very specific dependence of the density on the thermodynamic state and to the water density anomaly at T =4°C; 8 the strong polarizability of liquid water, which is related to cooperative effects induced by H bonding, determines its dielectric properties as well as the significant increase of the water molecule dipole moment from 1.85 D in the gas to ϳ2.6 D in the liquid phase. 9, 10 In comparison with its energetics and structure, the electronic properties of liquid water 3, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] are apparently not well understood. One specific aspect concerns the band gap of water. 3, 11, 14, 16, 17, 19, 20 It is generally accepted that water can be described as a very large band-gap amorphous semiconductor. 11, 17 However, it is not obvious that the band gap of liquid water can be uniquely associated with an optical ͑vertical͒ excitation process, where the gap is defined simply as the highest occupied molecular orbital-lowest unoccupied molecular orbital ͑HOMO-LUMO͒ energy difference. As recently pointed out by Coe et al., 3 the reactive nature of electronically excited water molecules, 18 the reorganization of water molecules around charged species in liquid phase, and the observed photophysics of anionic defects ͑known as the anion problem͒ 4 strongly indicate that an adiabatic route can be defined for accessing the conduction-band edge in liquid phase. Moreover, given that the time scale of the solvent relaxation is much larger than the vertical process, the adiabatic band gap of liquid water cannot be determined vertically.
From the theoretical point of view, electronic properties of liquid water were the subject of several studies. 3, [23] [24] [25] [26] It is well known that ab initio molecular dynamics ͑ABMD͒ simulations are of great interest for investigating the electronic properties in condensed phase. Although the complexity of liquid water makes a first-principles approach rather difficult, several ABMD simulations were carried out [27] [28] [29] [30] [31] [32] [33] [34] and some of them also reported results for the HOMO-LUMO gap and the density of states ͑DOS͒. 27, 32, 33 However, only few works on the adiabatic band gap of liquid water were reported. 3, 4 Another aspect of interest concerns the relationship between H bonding and the electronic properties of water. [35] [36] [37] [38] [39] [40] In this sense, specific issues including the size dependence of the electronic properties, the influence of surface effects on the DOS, and water band gap certainly deserve further attention. The present article is focused on the electronic properties of water, in particular, on its density of states ͑DOS͒, HOMO-LUMO gap ͑E G ͒, and adiabatic band gap ͑E G,Ad ͒. A sequential Monte Carlo/quantum mechanics approach 41, 42 was adopted. From uncorrelated supermolecular structures generated by Monte Carlo simulations for liquid water, density-functional theory ͑DFT͒ calculations were carried out to study the electronic properties of water aggregates of different sizes. Surface effects were then minimized and long-ranged electrostatic interactions were taken into account by the introduction of embedding charges, as an approximation to the liquid environment.
DFT calculations were carried out with a reparametrization of the Adamo and Barone modified exchange-correlation functional ͑MPW1PW91͒. [43] [44] [45] The reparametrized functional reproduces experimental information on the electronic properties of the water dimer. The article is organized as follows. Initially, we describe the generation of the aggregates by the Monte Carlo method and the reparametrization of the MPW1PW91 functional. A detailed analysis of size dependence and surface effects is then reported. Finally, extrapolated results for larger water aggregates ͑free and embedded in a charge distribution͒ are reported and compared with experimental information and theoretical predictions for liquid water from other studies. We conclude by placing emphasis on the difference between the optical and the adiabatic band gap of liquid water.
II. COMPUTATIONAL DETAILS

A. Monte Carlo simulations
The interactions between water molecules were described by the TIP5P potential. 46 This model, which has been designed to reproduce the water density anomaly at T =4°C, 46 predicts the structural and thermodynamic properties of liquid water in excellent agreement with experiment. The TIP5P charge distribution is described by two negatively charged ͑−0.241 e͒ sites located symmetrically along the lone pair directions and a positive charge ͑+0.241 e͒ on each hydrogen site. 46 It is important to observe that this model predicts a dielectric constant of water ͑⑀ = 81.5± 1.5͒ in very good agreement with experiment ͑⑀ = 79.3͒. Monte Carlo ͑MC͒ simulations of water were carried out in the isobaricisothermal ͑npT͒ ensemble 47 at T = 298 K and p = 1 atm in a cubic box with periodic boundary conditions. The number of water molecules is n = 500 and the interactions are truncated at a cutoff radius of 9.0 Å. We carried out 10 8 MC steps for equilibration. This run was followed by 1.25ϫ 10 9 additional MC steps. Each step involves the attempt to move one molecule of the system. From the configurations generated by the MC procedure N = 50 uncorrelated configurations were selected by determining a correlation time over the MC Markov chain. 41, 42 We note that successive configurations generated by the Metropolis algorithm 48 are strongly correlated. When the property of interest involves a high computational effort, the use of uncorrelated structures is of crucial importance for evaluating the averages over a relatively small number of representative configurations. 41, 42 Each uncorrelated configuration corresponds to a supermolecular structure ͑water cluster͒ including explicitely n molecules. The structure of the clusters corresponds to the liquid-phase structure at T = 298 K and no geometry optimization of the aggregates was carried out. Size dependence was investigated by carrying out calculations with n =1, 2, 4, 8, 10, 15, 20, 30 . Surface effects and long-ranged corrections to polarization effects were investigated by embedding the clusters in the TIP5P charge distribution of the surrounding water molecules. Thus, no periodic boundary conditions were applied for evaluating the electronic properties. The number of embedding water molecules is represented by n c . We have taken n c = 200. Some calculations based on the Kirkwood-Onsager model, 49 where the clusters are placed in a spherical cavity surrounded by a continuum dielectric medium, were also carried out.
B. Density-functional theory calculations
The electronic properties of the clusters were determined by performing DFT calculations over uncorrelated MC configurations. Although the physical meaning of Kohn-Sham ͑KS͒ orbital energies remains a controversial issue in the literature, 50, 51 several works provided evidence that DFT can correctly predict electron binding energies. [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] The disagreement between KS electron binding energies predicted by the widely used exchange-correlation functionals and experiment is related to the self-interaction error in DFT. 62 An interesting possibility is to parametrize the exchangecorrelation functional for reproducing experimental electron binding energies. 53, 57 The present approach to study the electronic properties of water is based on the following semiempirical procedure. The modified Perdew-Wang functional ͑MPW1PW91͒ proposed by Adamo and Barone [43] [44] [45] has been reparametrized to reproduce the electronic properties of the water dimer. The reparametrization was based on the representation of the exchange-correlation functional as [43] [44] [45] 
͑1͒
where ⌬E x mPW is the modified Perdew-Wang exchangecorrelation functional, and E c local is the local correlation functional contribution.
We have determined the optimal value of ␣ in the above expression that reproduces the first ionization potential of the water dimer ͑11.21± 0.09 eV͒. 63 DFT calculations were carried out with Woon and Dunning's correlation consistent polarized valence double zeta basis set augmented with diffuse functions ͑aug-cc-pVDZ͒. 64 We find that the optimal value of ␣ is 0.375. The MPW1PW91 standard value is ␣ = 0.75. The results for several properties of the water dimer predicted by the present reparametrization are reported in Table I , where they are compared with experimental data and theoretical results based on Hartree-Fock ͑HF͒ calculations, coupled cluster with single and double excitations and perturbative inclusion of triples ͓CCSD͑T͔͒, [65] [66] [67] [68] and Møller-Pleset perturbation theory 69 at fourth order ͑MP4͒. CCSD͑T͒ and MP4 results for the vertical attachment energies ͑VAE͒ and electron binding energies were based on ⌬E calculations. Table I reports ͑see values in brackets͒ the electron binding energies relative to the HOMO. For the valence orbitals, these differences are roughly the same for HF calculations and for the two MPW1PW91 parametrizations. In a comparative analysis of HF and KS energies, Politzer and Abu-Awwad 54 pointed out that, for a given molecule, different exchange-correlation functionals lead to KS valence orbital energies, which differ from experimental data nearly by a constant value. The present results confirm this behavior. Moreover, they indicate that when the functional is parametrized to reproduce the HOMO energy, the whole set of orbital energies is in good agreement with experiment. For example, our results for the water dimer O͑1s͒ binding energies ͑541.14 and 542.74 eV͒ are very close to theoretical predictions based on complete active space self-consistent field ͑CASSCF͒ calculations ͑540.2 and 541.1 eV͒. 70 This agreement leads credence to our parametrization for reproducing the core DOS of water aggregates, although our main interest is focused on the valence binding energies and HOMO-LUMO gap.
Although the present reparametrization was oriented to reproduce the first ionization potential, several properties of the water dimer, including the structure, 71 binding energy, 72 dipole moment, 73 vertical attachment energy ͑VAE͒, 74 and HOMO-LUMO gap ͑E G ͒, are in excellent agreement with experiment and other theoretical approaches. As expected, unscaled harmonic vibrational frequencies are slightly overestimated in comparison with experimental values. 75 We interpret the agreement between our predictions and experimental information for several properties of the water dimer as a strong indication on the reliability of the present approach for investigating the electronic properties of water clusters. The quantum-mechanical calculations were carried out with the GAUSSIAN-98 program.
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III. THE ELECTRONIC DENSITY OF STATES IN WATER CLUSTERS
A. Size dependence of electronic properties in free water clusters
The KS orbitals for the optimized structures of the water monomer ͑w 1 ͒, dimer ͑w 2 ͒, and tetramer ͑w 4 ͒ are illustrated in Fig. 1 . For the monomer ͑w 1 ͒ they correspond to the 4a 1 , 1b 1 , 3a 1 , and 1b 2 orbitals. ͑The 2a 1 orbital at −33.4 eV is not shown.͒ 1b 1 is the highest occupied molecular orbital ͑HOMO͒ at the top of the water molecule "valence band." The 1b 1 orbital has a strong 2p character and is centered at the site of the O͑1s͒ core orbital. For the water dimer ͑w 2 ͒ the HOMO corresponds essentially to the 1b 1 orbital. The next two lower orbitals involve overlap between 3a 1 and 1b 1 orbitals and are represented in Fig. 1 as ͑3a 1 ,1b 1 ͒. The nextlowest dimer orbital is essentially a 3a 1 orbital centered at the proton accepting water molecule. The two lowest occupied orbitals of w 2 , represented in Fig. 1 , are dominated by the contributions from 1b 2 , although the higher one involves some overlap with the 3a 1 orbital. The most stable 1b 2 orbital of the dimer correspond essentially to the energetically stabilized monomer orbital upon dimer formation. The splitting of the monomer orbital energies upon dimer formation reflects the feature that each water molecule plays a different role ͑as a proton donor or proton acceptor͒. of electron binding energies of the water tetramer ͑w 4 ͒ reflects its symmetrical cyclic structure. The highest occupied orbitals involve the 1b 1 and 3a 1 interactions and are related to the orbitals of the water dimer. We stress the specific role played by the 3a 1 orbital in H bonding. As indicated in Fig.  1 , H bonding involves mixing of 3a 1 and 1b 1 orbitals. This feature will induce broadening of the 3a 1 and 1b 1 bands upon condensation. 37 Also represented in Fig. 1 is the virtual 4a 1 orbital ͑LUMO͒, which plays a central role in the energetic stabilization of an excess electron through the formation of a dipole-bound anion structure. 77, 78 The energetical stabilization of the dimer 4a 1 orbital relative to the monomer illustrates the stabilization of the LUMO ͑or the increase of the electronic affinity͒ upon dimer formation. The structure and orbital energies of small water clusters are the departure points to discuss the density of states ͑DOS͒ of larger clusters, and the characterization of their respective bands, which will keep a close relationship with the distribution of orbital energies of the small aggregates.
The size dependence of the density of states ͑DOS͒ is illustrated in Fig. 2 , where the average DOS for water clusters of different sizes is reported. These clusters are supermolecular uncorrelated structures generated by the MC simulations of liquid water. We note that in the case of w 2 and w 4 they do not necessarily correspond to the gas-phase optimized structures of Fig. 1 , because the structure of the aggregates taken from the simulations reflects the thermal fluctuations in the liquid phase. Therefore, the DOS of the uncorrelated structures will reflect thermal as well as electronic broadening. 33 The latter effect is basically related to the interactions between the water molecules. On the other hand, thermal fluctuations will be associated with the presence of different configurations at a finite temperature T.
The average DOS for the w 2 cluster associated with the 1b 2 orbital is bimodal. Their peaks correspond roughly to the orbital energies of Fig. 1 . For larger clusters the DOS becomes a broad distribution due to the presence of an increasing number of nearly isoenergetic isomers ͑thermal broadening͒. A similar pattern ͑from peaked to broad DOS͒ is observed in the formation of the 3a 1 1 and 1b 1 bands overlap appearing as a single distribution due to thermal and electronic broadening. The results shown in Fig. 2 indicate that the average DOS of small water aggregates is not dependent on the number of water molecules for n Ͼ 15. The behavior of the core DOS with the cluster size reflects the expected dispersion of the core energies related to different structures and shows that the maxima position of the DOS is not changed for n Ͼ 10.
The DOS of unoccupied orbitals is characterized by two peaks related to the 4a 1 36 provided evidence on significant differences between the XAS spectra of ice and water in liquid and gaseous phases. These differences were related to structural features of the H-bond network and the spectra exhibit a strong dependence of the H-bonding environment. 36, 39 Specifically, the presence of a preedge feature at the bottom of the conduction band was associated with broken H bonds. Therefore, a strong preedge is typical of small water clusters where free hydrogen atoms can act as H-bond acceptors. In contrast, only a weak structure is observed in ice, which is an indication of a fully coordinated H-bond network. 36 The behavior of the conduction-band DOS with the cluster size ͑Fig. 2͒ shows that the preedge feature is reduced with increasing n, which is an indication of H-bond formation. Moreover, the second broad peak at the high-energy range increases with the cluster size. These findings are in keeping with experimental 36 and theoretical studies 36,39 on x-ray absorption in water and water clusters.
The top of the valence band is related to the nonbonding orbital 1b 1 ͑HOMO͒ and the difference between the HOMO and the bottom of the conduction band ͑or the average value of the LUMO͒ defines the optical band gap ͑E G ͒. The average energy of the LUMO for a cluster with n water molecules can be associated with the average electron affinity of the aggregates and it is represented as V 0,n .
The convergence of the DOS or the averaged orbital energies with the number of uncorrelated supermolecular structures ͑N͒ is illustrated in Fig. 3 , where the cumulative average energies of the LUMO ͑top͒ and HOMO ͑bottom͒ as a function of N, for clusters of different size ͑n͒, are represented. In agreement with previous investigations of the dipole moment of liquid water based on sequential Monte Carlo/quantum mechanics calculations, 10 we observe that N = 50 uncorrelated configurations are adequate for a reliable prediction of converged average properties.
Average HOMO energies are redshifted with increasing n. They change from ϳ−11 ͑n =2͒ to ϳ−9.6 eV ͑n =30͒. The dependence of the LUMO energy on the cluster size is also illustrated in Fig. 3 . The LUMO energy is shifted to lower energies as the cluster size increases. From the water monomer to the cluster with n = 30, the LUMO energy is stabilized by ϳ1 eV. This tendency may be related to the formation of local structures involving the simultaneous presence of a number of free or dangling hydrogen atoms, 
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Density of states and band gap of water J. Chem. Phys. 123, 054510 ͑2005͒ mainly at the cluster surface. This number should increase with n because it depends on the number of water molecules close to the surface. Therefore, it seems reasonable to observe that the stabilization of the LUMO or the increase of the clusters electronic affinity with n can be related to surface effects.
B. Introduction of embedding charges: Influence on the water density of states
The uncorrelated supermolecular structures generated by the Monte Carlo simulations are water clusters, where surface effects are certainly significant. Although the calculations for free water clusters indicate the possibility to extrapolate the results for larger clusters, it is of interest to discuss how long-ranged polarization effects can be included and how surface effects can be minimized. Consequently, we have adopted the same strategy used for predicting the average dipole moment of the water molecule in liquid water. 10 Let us consider the larger aggregate ͑n =30͒. To this supermolecular structure, which has been selected from uncorrelated Monte Carlo simulations with 500 water molecules, the nonpolarizable TIP5P charge distribution of n c = 200 surrounding water molecules were added.
We should expect that the introduction of charge distribution mainly affects the water molecules closer to the cluster surface. To illustrate this effect we have calculated the difference of the electronic density in free and embedded clusters. Electronic density differences were calculated with the MOLEKEL visualization package 79 and isosurfaces representing these quantities are shown in Fig. 4 . The main changes of the electronic density concern the water molecules close to the surface. No significant changes are observed in the electronic density of the inner molecules. Figure 5 shows the DOS for the free and embedded ẇ 30 aggregates. The core DOS is only slightly modified by the presence of the charges, which lead to a narrower peak centered at ϳ−542 eV. This reflects a more homogeneous distribution of the electronic states in the embedded clusters and involves mainly the stabilization of core states for the water molecules close to the charge distribution. Based on x-ray emission spectra and Hartree-Fock calculations for liquid structures generated by molecular dynamics simulations, Guo et al. 37 suggested that the strong involvement of the 3a 1 valence orbitals in H bonding leads to the broadening of 3a 1 and 1b 2 bands from the water monomer to small water clusters. 37 The same behavior of the DOS for free water clusters is presently observed. However, by adding embedding charges, a shoulder at ϳ−14 eV, which can be associated to the 3a 1 band, is observed. In addition, the charges contribute to decrease the mixing of 1b 2 and 3a 1 bands. This seems to reflect a significant polarization of the 3a 1 orbital of the water molecules by the charges. We note that polarization of the 3a 1 orbital was recently invoked to explain the large increase in the water dipole moment upon condensation. 37 Similar changes are also observed when the aggregates are embedded in a dielectric medium, strongly indicating that the mixing of the 3a 1 and 1b 2 bands in the water DOS is mainly related to surface effects. However, it should be observed that in contrast with the continuum dielectric method, thermal fluctuactions related to different charge configurations will characterize long-ranged corrections and thermal broadening in the present approach.
In keeping with the behavior for free water clusters of increasing size, the 1b 1 conduction band is shifted to lower energies, which indicates that the changes on the DOS for occupied orbitals are similar when the cluster size increases or when an embedding charge distribution is added.
When the clusters are embedded by a charge distribution, the DOS of unoccupied orbitals is also modified. First, the DOS associated with the bottom of the conduction band is slightly shifted to higher energies. Second, the peak of the broad distribution related to the 2b 1 and Rydberg states increases. The first modification is also illustrated in Fig. 6 , where the energies of the HOMO and LUMO, as well as E G are shown as a function of N ͑the number of uncorrelated MC configurations͒ for the w 30 aggregate with and without embedding charges. By adding charges, the LUMO energy is also shifted upwards. This tendency is opposite to what is observed when the cluster size increases. We note that the LUMO energy is related to the water electron affinity, or to the energy needed to solvate an electron, which depends on the number of nonbonded hydrogen atoms. Therefore, a possible explanation for the behavior of the LUMO energy is that by introducing embedding charges, we simulate the presence of water molecules and the corresponding increase of H bonds. We have verified that a similar effect is observed when self-consistent reaction-field calculations based on the Kirkwood-Onsager model are carried out.
IV. EXTRAPOLATION TO LIQUID WATER AND COMPARISON WITH EXPERIMENT
A. Binding energies and gas-to-condensed-phase energy shifts 
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Density of states and band gap of water J. Chem. Phys. 123, 054510 ͑2005͒ electron binding energies, and the gas-to-condensed-phase energy shift ͑␦E͒ for the valence orbitals. Theoretical values were derived from Gaussian fitting of the DOS, and ␦E for each orbital is defined as the difference between the experimental electron binding energy for the isolated water molecule 80 and its value in the condensed phase. Theoretical results are for the w 30 cluster. With the exception of the 2a 1 orbital, a good agreement between experimental binding energies for liquid water and theoretical results is observed. For the 1b 1 and 3a 1 orbitals, experimental binding energies are in better agreement with theoretical results for free water clusters, although the differences are quite small. More important, the redshift of ␦E, which is a condensed-phase effect, is qualitatively in keeping with experimental information: We find that ␦E is ϳ0.9 and 0.7 eV for the 1b 1 and 3a 1 orbitals, respectively. The experimental values are ϳ1.3 eV. The only significant discrepancy relative to experiment concerns the 2a 1 orbital for which theoretical calculations predict a small blueshift ͑ϳ0.4 eV͒, whereas a 1.7-eV redshift is predicted by experiment. Results for free water clusters can be compared with photoemission spectra of water clusters. 21 A good agreement between theoretical and experimental results for the binding energy shift from the molecule to the cluster can be observed, particularly for the 1b 1 and 3a 1 orbitals ͑see Table II͒. B. The water electron affinity V 0 V 0 can be defined as the energy to take a zero kineticenergy gas-phase electron to the bottom of the conduction band of the condensed phase as a delocalized or quasifree electron. 3, 18 Several theoretical 23, 25 and experimental 3, 14 estimates of V 0 were reported. The typical literature value is −1.2 eV.
14 A significantly smaller estimate ͑−0.12 eV͒ has been reported. 3 This value is closer to a theoretical prediction by Jortner ͑−0.5Ͻ V 0 Ͻ 1.0͒, 23 and in good agreement with the Henglein's calculation ͑−0.2 eV͒. 25 In the present work V 0,n ͑see Table III͒ represents V 0 for a cluster with n water molecules. It was estimated as the average LUMO energy of the aggregate. The behavior of V 0,n with the number of water molecules ͑n͒ is illustrated in Fig. 7 . In free water clusters V 0,n changes from 0.03± 0.01 ͑n =2͒ to −1.0± 0.18 eV ͑n =30͒. When the electrostatic field of the embedding charges is introduced, significant differences relative to free clusters are observed. In these clusters, V 0,n changes from 0.51± 0.08 ͑n =2͒ to −0.15± 0.04 eV ͑n =30͒. It should be expected that non-Hbonded hydrogen atoms at the cluster surface contribute to increase the electron affinity or to lower the LUMO energy. Embedding charges reduce surface effects by simulating the presence of water molecules at the cluster surface and contribute to increase the LUMO energy. Extrapolation of V 0,n for n = ϱ leads to V 0,ϱ = −1.06± 0.03 eV ͑free cluster͒ and V 0,ϱ = −0.17± 0.05 eV ͑embedded cluster͒. It seems reasonable to assume that the extrapolated average LUMO energy for the embedded water clusters ͑V 0,ϱ ͒ is a reasonable estimate of the bulk water V 0 . Therefore, our result for V 0,ϱ is in very good agreement with the recent estimate by Coe et al. 
C. The HOMO-LUMO gap
The HOMO-LUMO gap ͑E G,n ͒ for water clusters of size n is reported in Table III . The values correspond to averages over 50 uncorrelated configurations. The behavior of the average optical gap ͑E G,n = ⑀ HOMO − ⑀ LUMO ͒ with the number of water molecules ͑n͒ for free and embedded clusters ͑n c = 200͒ is illustrated in Fig. 8 . In free clusters E G,n changes from 11.05± 0.04 ͑n =2͒ to 8.69± 0.25 eV ͑n =30͒. When embedding charges are introduced E G,n changes from 11.97± 0.08 ͑n =2͒ to 10.48± 0.04 eV ͑n =30͒, indicating a weaker dependence with n in comparison with free clusters. Extrapolated values for the HOMO-LUMO gap ͑E G,ϱ ͒ are 8.55± 0.08 ͑free cluster͒ and 10.41± 0.09 eV ͑embedded cluster͒. Theoretical informations on the HOMO-LUMO gap of liquid water are relatively scarce. First-principles molecular dynamics of Boero et al. 32 estimate the KS HOMO-LUMO gap of liquid water at normal conditions as ϳ3.6 eV. A previous estimate of 4.65 eV was reported by Laasonen et al. 27 The disagreement with the present values illustrates that widely used approximations in density-functional theory lead to gaps that are significantly underestimated. From the theoretical values of E G,ϱ and V 0,ϱ we can estimate the photo- The conduction-band edge can be associated with
where it is assumed that the reorganization of water molecules takes place around the H 3 O + and OH • species. By defining a thermochemical cycle 3, 4 it is then possible to calculate the water adiabatic band gap by using
where AEA͓OH • ͑g͔͒ = 1.83 eV ͑Ref. 3͒ is the gas-phase adiabatic electron affinity ͑AEA͒ of the OH radical and ⌬E hyd ͑OH − ͒ = −4.97 eV is the hydration energy of OH − . 3 The less well-known quantities for predicting E G,Ad are the hydration energy of the OH radical, ⌬E hyd ͑OH
• ͒, and the water electron affinity V 0 . Different works 3, 81, 82 predicted that ⌬E hyd ͑OH
• ͒ is close to −0.37 eV. Several electronic properties of liquid water are gathered in Table IV . Based on the Monte Carlo result for ⌬E hyd ͑OH • ͒ = −0.38 eV ͑Ref. 82͒ and the present estimate of V 0 , we find that E G,Ad = 6.83± 0.05 eV, which is in excellent agreement with the value reported by Coe and co-workers. 
V. CONCLUSIONS
Electronic properties of water clusters and liquid water were investigated by sequential Monte Carlo/densityfunctional theory calculations. DFT calculations were based on the reparametrization of the MPW1PW91 functional that predicts the structural, energetic, and electronic properties of the water dimer in excellent agreement with experimental information. A detailed analysis of the the KS density of states ͑DOS͒ and the band gap of water clusters was carried out. Special emphasis was placed on the dependence of the results on the cluster size and surface effects. The behavior of the water DOS with the number of particles and its dependence on surface effects is in keeping with information from x-ray emission and absorption spectra. One relevant conclusion concerns surface effects on the electronic structure of water clusters. It was found that they significantly contribute to the broadening of the water 3a 1 and 1b 1 bands that characterize the DOS of water clusters. In addition, surface effects contribute to lower the average LUMO energy in comparison with clusters embedded by a charge distribution, which mimics the presence of water molecules. When the results are extrapolated for larger aggregates embedded in a charge distribution, the results for the water electron affinity ͑V 0 ͒ is in very good agreement with the estimate by Coe et al., 3 and other theoretical calculations. As expected, there is a significant difference between the adiabatic and vertical ͑HOMO-LUMO͒ band gap of water. Our result for the adiabatic band gap of liquid water is in excellent agreement with recent predictions. 3, 4 The present reparametrization of the MPW1PW91 functional provided reliable information on the electronic properties of liquid water and indicates that our approach can be of interest for investigating electronic properties of liquids.
